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SUMMARY

The change in flame veloclty with fuel concentration in alr was
investigated in order to determine whether an active particle diffusion
mechanism of flame propagation is consistent with the observed veloclty
changes, and to show whether the simplified diffusion mechanism as
expressed by the Taenford and Pease eguation is sufficiently exact to
predict the velocity change with fuel concentration in sir. Spatial
flame velocities were messured for nearly the total flammabillty range
for pentane-air, ethylene-air, and propyne-alr mixtures by a modifled
tube method at stmospheric pressure and 25° C. Flame shape as revealed
by direct photographs was studied. Flame front areas were measured from
the dlrect photographs for different fuel concentrations in air. Funda-
mental flame velocities were calculsted for the concentration rsnge from
60 to 130 percent stoichiometric for the three hydrocarbons. HEguilibrium
flame temperatures and equilibrium free radical concentrations were cal-~
culated for pentane, ethylene, and propyne over the total flammebility
range in air. The velocity measurements together with these calculated
concentrations were used for a quantitative evaluation of the active
particle diffusion theory. It is shown that a general diffusion mecha-
nism is consistent with the observed changes in flame velocity with fuel
concentration, and that a form of the Tanford esnd Pease equation which
Includes a fleme velocity term independent of diffusion will predict the
velocity changes over a limited concentration range.

INTRODUCTION

One of the important processes in a jet-engine cambustor is the
propagation of flame into the unburned fuel-air mixture. A better under-
stending of the physical and chemical nature of this process may be
gelned by & study of laminar flame speeds.

A research progrem is in progress gt the NACA Lewls lsboratory to
determine the effect of chemical structure on the maximum flame velocity
of fuel-air mixtures. The maximm flame veloclties of all 52 hydro-
carbons studied are reported (references 1 and 2) to be consistent with
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an active particle mechanism of flame propagation. It is also shown in
references 1 and 2 that the simplified active particle mechanism of

flame propagetion as expressed by a modified equation of the type pro-
posed by Tanford and Pease (reference 3) could be used, with one specific
rate constant, to predict the maximum flame veloclities for all of the
hydrocarbons except ethylene. In order to determine whether the change
in fleme velocity with fuel concentration in alr 1s alsc consistent with
an active particle diffusion mechanism of flame propagation and whether
the modified Tanford and Pease expression 1s sufficilently eccurate to
predict this change, flame velocities must be known over a wide concen-

tration range.

Fundsmental flame veloclties are presented herein for three hydro-
carbons of different chemical structure, pentane, ethylene, and propyne,
over a wide composition renge in sir. These three hydrocarbons were
chosen for different reasons. Propyne was chosen so that the total
flame velocity range previously studied (references 1 and 2) for dif-
ferent hydrocarbon-air mixtures would be produced by one hydrocarbon in
varying concentrations in air. thylene was used because the previous
work Indicated that the behavior of ethylene differed from other hydro-
carbonqg Pentane was studied as a representative of the paraffin family
and a compound of low maximum flame velocity.

Equilibrium flame temperatures and equilibrium product concentra-
tions of hydrogen atoms, oxygen atoms, and hydroxyl radlcals are also
reported. The results of these calculations together wlith the experi-
mentel flame velocities are used to evaluate quantitatively the active
particle diffusion theory of flame propagation. None of the other pro-
posed theories of propagation as developed by Semenov, Zeldovich, and
Frank-Kemenetsky, (references 4, 5, and 6), Hirschfelder (reference 7),
Bechert (reference 8), or Mamnson {reference 9), are considered in this
report.

APPARATUS AND PROCEDURE

Spatial flame velocitlies were measured at atmospheric pressure and
room temperature (25° to 30° C) by the.modified tube method reported by
Gerstein, Levine, and Wong (reference 10). The apparatus consisted of a
Puel measuring and mixing system, a fuel transfer system, and = hori-
zontal cylindrical flame tube. The pyrex flame tube was 2.5 centimeters
in Inside diameter and 60 centimeters long with an orifice at each end.
The diameter of the orifice at the ignition end of the tube was 8 milli-
meters and at the other end was 1.7 millimeters. An alcochol lamp was
used for ignition. T TTT T T ’ o
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For each combustible mixture the time required for the flame %o
travel between two fixed points in the flame tube was determined, and
direct photographs of the moving flame front were taken. The time for
the flame to travel 17.8 centimeters in the tube was measured by &
photoelectric timer consisting of two photoelectric flame detectors, two
pulse shapers, a signal generator, a timer gate, and an electronic
counter as shown in the block disgram (fig. 1(a)). In practice, the
last three components are integral parts of a Potter Interval timer,
model 451B. This timing device is sensitive enough to detect the pale
flames which occur near the lean concentration limit of propegation. A
diagram of the circuit for the flame detectors is presented in fig-
ure 1(b). The pulse shaping circuit is shown in figure 1(c). The elec-
tronic timing equipment, which was designed and bullt by Edward R.
Carlson of the Lewls laboratory, is described in appendix A. Direct
photographs were made of flames at each fuel concentration with a
motion-picture camera which was malntained in a fixed position for sll
mixtures. The flame fronts were recorded on 16-millimeter film with s
camera speed of 64 frames per second.

The source and the purity of the three hydrocarbons are given in
table I. The air used for the combustible mixtures was laboratory air
dried by passage through two 8-inch drying towers conteining Anyhydrone
and freed of carbon dioxlide by passage through an Ascarite tower.

RESULTS AND DISCUSSION

Spatial Flame Velocities

Spatiel flame velocities were measured for three hydrocaerbons,
pentane, ethylene, and propyne, over nearly the total flammability range
for each hydrocarbon in air. The measured spatial flame velocities are
plotted against fuel concentration expressed as percent stoichiometric
in figure 2. The curves for ethylene and propyne are very similsr,
whereas pentane has a lower maximum flame velocity and a narrower flam-

mebility region.

The arrows represent the concentration limits for propagation as
determined in this work. These limits are nesrrower than the limits
reported by Coward and Jones (reference 11} of 53 and 321 percent of
stoichicmetric for pentane and 44 and 581 percent of stoichiometric for
ethylene. The difference Iin the limits 1s in the direction which would
be predicted from the difference in the method of determining the limits
(reference 11). The limits reported by Coward and Jones are for upward
propagation in a tube 5.0 centimeters In diameter, whereas the limits
presented in thils report are for horizontal propagation in a tube
2.5 centimeters in diameter.
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Fundamental flame velocities may be calculated fram the spatial o
flame velocitles by the equation of Coward asnd Payman (reference 12)

Up = (Ub = g) At/Af (1)
where : o : - s

Up fundamental flame velocity, which is defined as velocity component ~
normael to any tangent to flame surface, (cm/sec) g
N

Uo spatisl flame velocity, (cm/sec)

Uy gas velocity, (cm/sec)
Ay  cross-sectional area of flame tube, (sq cm)
Ar flame front area, (sq cm)

(A1l synmbols are.also defined in .sppendix B.)

Spetial velocities are the measured velocities Just discussed. The
gas veloclty was calculated from the empirical equation reported in
reference 10.

Uy = 0.236 U, - 10.47 (2)

g

The flame tube cross-sectional area was celculated from the measured
diameter of the tube, and the flame front area was determined from the
direct photographs of the flames. o L. . - o

Measurement of Flame Front Area

The measurement of flame front areas presents a difficult problem.
The flame shape as recorded photographically changed with fuel composi-
tion. Typicel flame photographs showing thils change with concentration
are given in figure 3. These photographs are for propyne-air mixtures;
however, similer changes In flame shape were observed for pentane-slr
and ethylene-air mixtures. The flame front appeared to lengthen, par-
ticularly near the hottom of the flame tube, as fuel concentration
increased from the lean limit to 180 percent of stoichiometric. For a
very short. concentration range ahove 180 percent, the flame shape
returned to a form similsr to the very lean flame shapes, and then the L
flame abruptly changed to a very long front which did not fill the fleme
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tube. The last photograph of the regular fleme shape series (fig. 3(a))
shows one of these long flzmes with the bottom of the flame tube defined
by light reflected from the flame. Not only were these regular flame
shapes observed, but occasionally very different flames appeared. Three
examples of these irregular flames are shown in figure 3(b). Such flame
shapes were frequently observed near the maximm flame velocity for
propyne and ethylene, but they were seldom cobserved for pentane et any
concentration. Only regular flame shepes were used for area calcula-

tions.

In order to calculate areas from the photographs, an arbitrary
geometric flgure was chosen to represent the flame. As in reference 13
by Coward and Hartwell an ellipsoid of revolution was used. Three axes
of the ellipsold were measured and the area was calculated by the gereral
formulae for an ellipsocid of revolution determined by three axes. The
method of choosing the axes is shown In figure 4, which represents an
outline trace of a flame photograph with the axes of the ellipsoid, which
were used for the area calculetion, constructed on it. One axis is the
line AB, which connects the two points of tangency of the flame and the
flame tube, the second axis is twice the line CD, which is the longest
perpendicular from the l1ine AB +to the flame front, end the third is
the diameter of the flame tube BE. The fleme front was considered to
be a semiellipsoid. ' ’

In order to measure the flame sreas, the proJjected negative of a
flame front was superimposed on the image of a flame tube which had been
traced. The two were properly oriented by lining up the sprocket holes
in the negative with those which had been traced for the flame tube
negative. The flame front was traced ten times, the axes of the ellip-
sold constructed and measured, and the average area calculated. Unfor-
tunately the calculsted area is very sensitive to the choice of the
points of tangency of the flsme toc the tube. One person can use the
method of area measurement for flame fronts from mixtures of constant
composition with a reproduclibility of X3 percent, but if & second person
measures the same flame fronts the two average ares values may differ by
as much as 15 percent. The aress evalueted by one individual are :
believed to be relatively correct, but the absolute value of the ares is
not established.

The calculated average relative areas are plotted against hydro-
carbon concentration in alr for pentane, ethylene, and propyne
mixtures in figure 5. Each point is the average of several calculated
areas. Areas for mixtures much richer than 140 percent of stoichiometric
were so uncertain that they could not be used. It may be observed that
the type of hydrocarbon in the combustible mixtures does not change the
flame front area within the limits of the measurements. Although the
change in area with the concentration of hydrocarbon in alr is not large
and there is considersgble scatter in the deta, a curve has been drawn.
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The change in flame front area with composition &s shown by this curve
i1s similer to the change in area with composition reported by Burke and
Friedman (reference 14) for acetylene and dideutercacetylene-air mix-
tures. If the best horizontal straight line were drawn in figure 5
instead of the curve, the adjusted fundamentel velocities calculated
from the line would not be significantly different from the adjusted
velocities presented later in this report.

Relative Fundamental Flame Velocities

Relative fundamental flame velocities for ethylene were calculated
by the Coward and Peyman equation using areas read from the curve in
figure 5. These values are plotted against fuel concentration in air
expressed as percent of stoichiometric in figure 6(a). Bunsen burner
flame velocities for ethylene-air mixtures determined by Linnett and
Hoare (reference 15) and revised (reference 18) are also plotted on the
same graph. The fundsmental flame velocities for ethylene calculated
from the measured flame areis are relatlively correct, but these veloci-
ties reflect the 15-percent uncertainty in the sbsolute area.

Adjusted Fundamental Flame Velocities

In order to compare the relative fundamental flame velocities
determined by the tube method with fundamental flame velocities deter-
mined by other methods, the tube velocities may be adjusted by a con-
stent factor to compensate for the uncertainty in the measurement of
the absolute area of the fleme front. The adjustment was accomplished
by using the maximum value for the flame veloclities of ethylene deter-
mined by the Bunsen burner method from the shadow cone (reference 16) as
a standard. The relative fundamental flame velocities calculated in

this report were adjusted by multiplying the relative values by the ratio

of the maximum fundsméental flame velocity for ethylene by the Bunsen
burner method to the maximum fleme velocity for ethylene calculated in
this report, or by 1.076. These adjusted fundamental flame velocities
for ethylene and the data for ethylene of Linnett and Hoare are plotted
in figure 6(b). The change in fundamental flame velocity with ethylene
concentretion in air as measured by the tube method is shown to coampare
favorably with the Bunsen burner values.

Relstive fundamental flame velocities for propyne and pentene were
calculated by equation (1) and adjusted by multiplying the relative
value by 1.076. The adjusted fundamental flame velocities for pentane,
ethylene, and propyne are plotted agailnst hydrocarbon composition in air
expressed as percent of stolchiometric in figure 7. In table II, all
spatial fleme velocities, relative fundamental velocities, and adjusted
fundamental flame velocities are tabulated. The adjusted fundamental
flame velocities are consistent with the fundamental fleme velocities
which are reported in references 10, 17, and 18.

2267
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THEORY
« General Discussion

A genersl theory of flame propagation would include agll the proc-
esses which may occur in a flame like diffusion of free radicals, con-
duction of heat, and chemical oxidation. Hirschfelder and Curtis (refer-
ence 7) have formulated such a general theory of Fflame propagetion. It
would be desirable to use this genersl theory to compare the calculated
effect of the composition of the combustible mixtures on the fundsmental
flame velocity with the experimentally observed effects for hydrocarbon-
alr mixtures. Bubt in order to make any calculations, the chemlcal
kinetic system and reaction rates for oxidation mist be known. Because
the chemical kineties of hydrocarbon oxidation are not established, it
might be hoped to use the genersl theory and the observed effects of
changing initial conditions on the fundsmental flame veloclty to work
backward to the kinetics of the axidation reaction. Unfortunately, the
mathematics are so Involved and the chemical reactlons so caomplicated
that the general approach does not appear to be very promising.

There are, however, two types of simplified theory of flame propa-
gation: theories based primerily on heat conductiom like those of
Semenov, Zeldovich, and Frank-Kemenetsky (references 4, 5, and 6) and
Bechert (reference 8); and theories based on diffusion of active par-
ticles like those of Lewis and von Elbe (reference 19) and Tanford
and Pease (reference 3). The second type of simplified theory only
is considered in this report because an equation of this type may be
numericaelly evaluated and a simplified egustion has been successfully
used to predict the maximm flame velocitles for hydrocarbon-air flames
(references 1 and 2).

Actlve Particle Diffusion Mechanlsm

According to the diffusion mechanism, flame propagates by the dif-
fusion of light chemically active particles such as hydrogen atoms,
oxygen atoms, and hydroxyl radicals. These active particles are the
carriers of the chailn reactions which give rise to the visible f£lame.
Several difficulties are encountered in attempting to relate the rate of
flame propagation, the process of diffusion, and the chemicel-reaction
mechanism of oxidation. By making some simplifying assumptions, Tanford
and Pease (references 3 and 20) have derived an expression relating
fundamental flame velocity and the active particle concentration shead
of the flsme. The equation is

(3)

Ds Pi)l/ 2

'L
Up = (QQ_Z‘.i Iy 5
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where

Up fundamental flame veloecity, (cm/sec)

Q! mole fraction of combustible
L nunber of molecules of gas at reaction temperature, (molecules/cc)
Q mole fraction of potential cambdgtion-product

ki specific rate constant for reaction of combustible and the itk
active particle, (cc molecules-l sec-1)

Di rate of diffusion of the i®R active particle, (cm? sec-l)
Py partial pressure of the ith active particle, (atm)

By term arising from recombination of the ith getive particles

This expression was used successfully by Tanford (reference 21) to pre-
dict the flame velocities of CO0-05-Ng-Hp0, CH4~O05-Np, and Hp-05-Np

mixtures. A modified equation of the same type wilith one specific rate

constant was shown In reference 1 to predict the maximum flame velocities

of the 52 hydrocarbon-air mixtures which were studied.

Atom and Free Badical Concentrations and Equilibrium
Plame Temperatures

In order to compare the experimentally observed effect of changes
in fuel concentration in alr on the fundemental flame velocity with the
effect predicted by a Tanford and Pease type equation, the concentration
of active particles in the flame must be known. This concentration is
assumed to be the equilibrium concentration calculated for the eguili-
brium flame temperature. Although this assumption may be an over sim-
plification, there is insufficient knowledge of the oxidation reaction
to calculate the concentrations by any other method. ZEquilibrium,
active particle concentrations and adisbatic, equilibrium flame tempera-
tures were calculated simulteneocusly by the matrix method of Huff
and Morrell (reference 22). The tables of thermodynamic constants pub-
lished by Huff and Gordon (reference 23) snd the heats of formation pub-
lished by the Bureau of Standards (reference 24) were used for these
calculations. The first estlmates for the matrix calculatlons for flame
temperature were made by the method of Hottel, Williems, and Satter-
field (reference 25) and the first estimates for equilibrium product
concentrations were calculated by the method of Huff end Calvert (refer-
ence 26). The results of these calculations together with a
conslderation of the diffusion coefficients indicate that hydrogen atoms

922
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are probebly the most important oxidation chain carriers but that oxygen
atoms and hydroxyl radlcals could also be important. These three par-
ticles only are considered in the diffusion mechanism of fleme propage-
tion. The calculated equilibrium flame temperatures and the equilibrium
concentrations of hydrogen atoms, oxygen atoms, and hydroxyl radicals
for pentane, ethylene, and propyne mixtures with air are given in

table III.

The calculeted equillbrium flame temperatures are plotted against
hydrocarbon concentration in air expressed as percent of stoichiometric
in figure 8. The mexlimum flame temperatures occur at concentrations
samewhat richer than stoichiometric. The concentrations for maximum
flame velocity are shown by the arrows on the curves in figure 8. The
fuel concentrations for the maximmm fleme velocities are near the con-
centrationse for the maximum calculated flame temperatures. These dats
are consistent with the report that the observed maximm flame tempera-
ture for ethylene occurs near 103-percent stoichiometric, whereas the
maximum fleme veloclty is obtained for a mixture slightly richer in
ethylene (reference 27).

The calculated active particle concentrations are plotted against
hydrocarbon concentration in alr expressed as percent of stoichimmetric
for pentane for the concentration range 50 to 125 percent in figure 9(a),
for ethylene for 45 to 250 percent in figure 9(b), and Ffor propyne for
45 to 210 percent in figure 9(c). The decreasing order of maximum con-
centration for the active particles is hydroxyl radicals, hydrogen atoms,
and oxygen atoms for the three hydrocerbons. The maximm oxygen and
hydroxyl concentrations occur near the stolchiometric concentration,
whereas the meximm hydrogen-stom concentration occurs on the rich side
of the stolichiometric concentration between 120 and 140 percent. The
concentration of fuel in air for the maximum flame velocity is designaeted
by the arrow and is between 110 and 120 percent of sgtoichiometric for
these three hydrocarbons.

A comparison of the hydrogen-atom concentrations for the three
hydrocarbon fuels is presented in figure 9(d). Because hydrogen atoms
are light, they diffuse faster than the other free radicals and are
therefore most important to a diffusion mechanism of flame propagsation.
Although propyne and ethylene in air have gpproximately the same flasme
velocity over a wide composition renge, the hydrogen-stom concentrations
are quite different. This fact is consistent with the observation that
the behavior of ethylene appears to differ from other hydrocarbons
(references 1 and 2). In the study of the maximm flame velocities of
hydrocarbons, it was shown that active particles are more effective in
promoting the propagetion of the ethylene-ailr flames than any other
hydrocarbon-air flames which have heen studied. It may also be noted
that the equilibrium concentration of hydrogen atoms has reached a very
low value considerably before the lean concentration limit is reached;
this fact suggests that hydroxyl radicals and oxygen atoms must play a
more Important role near the lean limit of flame propagation if diffusion
determines this limit.
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Evalustion of a General Diffusion Mechanism

If the diffusion of active particles is important in the propage-
tion of flames, the relative diffusion concentration of active particles,
which may be expressed as the product of the relative diffusion coeffi-
cients in air multiplied by the concentration of active particles
(6.5 Pg + Py + Pgg), should correlate with the flame velocity. The fun-

damental flesme veloclities are plotted against the relative diffusion
concentration of active particles in figure 10. One curve is defined
for each hydrocarbon. Linnett and Hoare (references 15 and 16) showed a
similar correlation for ethylene-~air-nitrogen and ethylene - air -
carbon-dioxide mixtures.

The correlation between maximum flame velocity and relative dif-
fusion concentration of active particles for 52 hydrocarbons at the con-
centration of the maximm flame velocity (references 1 and 2) is shown
by the line in figure 11. Although the line was originally drawn for
paraffin, cycloparaffin, oléfin, diolefin, and acetylene hydrocarbous,
only three data points are shown - pentane, ethylene, and propyne. A
comparison of figures 10 and 11 shows that the curve of fleme velocity
against relative active particle concentration for propyne mixtures
does not follow the curve for the various hydrocarbons as might have
been expected. .

Evaluation of Tanford and Peasse Equation

A general diffusion mechanism appeared to correlate the veloclity
data; therefore the simplified theory expressed by the Tanford and Pease
equation was quantitatively evaluated. In deriving the Tanford and
Pease equation, which relates the fleme velocity and the diffusion con-
centration of active particles, it was assumed that the oxidation chain
reection is initiated by the reaction of an active particle and a fuel
molecule. In order to epply this equetion to the hydrocarbon data, it
was also assumed that the specific rate of the initiation remction is
the seme whether hydrogen atoms, oxygen atoms, or hydroxyl radicals are
the initilating species. The modified equation, which was applied to
hydrocarbon-sir mixtures (references 1 and 2), is

1/2
Us _[n Q'L QDH LA S Dog POH)] (4)

2267
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where -

n

W

The te
ence 2

number of molecules of final combustion products (combined CO2
and HoO0) per molecule of fuel

average specific rate constant for reaction_of active particles
and hydrocarbon molecules, (cc molecules-1 sec—1)

diffusion coefficient for hydrogen atoms intoc air at room tem-
perature, (cm? sec—1)

partial pressure of hydrogen atoms, (atm)
recombination factor for hydrogen atoms, (atm)

diffusion coefficient for oxygen atoms into air at room tem-
perature, (cm? sec'l)

partial pressure of oxygen atoms, (atm)

diffusion coefficient for hydroxyl radicals into air at room tem-
perature, (cm? sec™l)

partial pressure of hydroxyl radicals, (atm)

rm By was evaluated according to the method of Tanford (refer-
0) by considering the reactions

E+H+M>H + M

H + 0g—> HOp

The equation used was

where

Om

1 24,000 Dy 1/2
Bg =341+ |1+ = (q02+1850PE)
Uf 9m

0.7 of equilibrium tempersture over initlal temperature

qoz 0.5 of the factor initis]l mole fraction of 02 minus the fingl

mole fraction of Op
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The diffusion coefficients of the active particles into air at the
initial temperature of 25° C were calculated by kinetic theory using the
Stefan-Maxwell equation (reference 28).

D = 2 . S R (5)
3g (Np + Np) o2 | be\my — mp

o~
[(e]

where N

D diffusion coefficlent

Ni,N, molecular densities

(o] arithmetic average of molecular dlameters of diffusing gases

h 1/2kT

m 51, molecular masses -

One-half of the diffusion dlameter for oxygen molecules into alr was -

used as the diffusion diameter for oxygen atoms, the Bohr radius was
used for the hydrogen-atom diffusion dismeter, and the sum of the two
was used for hydroxyl radicals. The diffusion coefficients were cal-
culated to be 1.8 square centimeters per second for hydrogen atoms into
alr, 0.28 square centimeter per second for hydroxyl radicals, and

0.40 square centimeter per second for oxygen atoms into air at 25° C.

As a first spproximation ELE%%L&E
total concentration range. The Tanford and Pease equation predicts that
the flame veloclty plotted against the square root of the relative dif-
fusion concentration of active particles should be a stralight line.
These data are presented for ethylene, propyne, and pentane in fig-

ure 12. The best straight lines have been drawn by the least-squares
method. These lines do not go through the origin; therefore to predict
the change in flame veloclty with fuel concentration in air, the inter-
cept must be included. The equation for flame velocity must be modified
to the following form:

P 1/2
Up = Uy + [n i HBEH + Py Dy + Pog DOQ] (6) .

may be assumed constant for the
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where

Up intercept of curve and is 5.8 centimeters per second for pentane,
15.1 for ethylene, and 16.5 for propyne

The value of k was calculeted for each experimental velocity
without a temperature correction. These values were averaged snd the
average was used to calculate flame velocities for each hydrocarbon
system. The experimental flame velocitles are compared with the cal-
culated velocities in table IV. The fact “that the flame velocitles may
be so well predicted by the eguation does not necessarily mean that the
simplified diffusion mechanism is operative. The physical significance
of the necessity for inecluding a constant term Uy, a flame velocity
which is independent of a diffusion mechanism, is difficult to ascertain.
Certainly the Up +term sppears to mean that the hydrocarbon-air mix-
tures can support combustion in the gbsence of active particles; this
term could be a correction for & second process which is important to
flame propagation and is more Ilmportant at low flame speeds nesr the
1imit of flesme propagation. On the other hand, the necessity for
including s constant term may have no physical significance but may only
indicate that the diffusion mechanism, as expressed by the Tanford and
Pease equation, with an average specific rate constant, is not exact
enough to explain the chenge in flame velocity with fuel concentration
in air for these hydrocarbons.

CONCLUDING REMARKS

The investigation of flame veloclties over s wide concentration
range for pentane-air, ethylene-air, and propyne-gir flemes may be sum-
marized as follows:

1. The modified tube method for the measurement of lamingsr fleme
velocities was extended for use with slow flames of low luminosity.

2. Spatiael flame velocities were measured over nearly the total
flammablility range for pentane, ethylene, and propyne in air.

3. Flame-front areas were measured, and the effects of fuel con-
centration in alr and hydrocarbon type on the area were studied.

4. Fundemental flame velocities were presented for pentane,
ethylene, and propyne mixtures for the concentration range from 60 to
130 percent of stoichiometric in air.

5. Equilibrium flame temperature and equilibrium free radical-
product concentrations were calculated for the total flammebility range
in alr of pentane, ethylene, and propyne at etmospheric pressure.
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CONCLUSIONS

The following concluslions were made as a result of this investiga-
tion:

1. An active particle diffusion mechanism of flame propagation is-
consistent with the observed changes in flame velocity with fuel con-
centration in air for the three hydrocarbons studied, pentane, ethylene,
and propyne.

2. A form of the Tanford and Pease equation; which includes a
small constent filsme velocity independent of diffusion, will predict the
observed changes in flame velocity ' with hydrocarbon concentration in alr
over the range 70 to 130 percent of stoichicmetric.

Lewis Flight Propulsion Laboratory
Netional Advisory Committee for Aeronautics
Cleveland, Ohio
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AFFENDIX A

ELECTRONIC TIMING EQUIPMERT

The function of the electronic timing apparatus is to measure the
time interval required for a flame front to propagate between two points
located a known distance apart in a glass combustlon tube. A block
disgram, figure 1(a), illustrates the processes involved. In practice
the signal generator, timer gate, and counter are integral parts of a
Potter model 451-B interval timer which is actuated by staxrt and stop
electrical pulses that must have a positive rise time of 50 volts per
microsecond. ' '

A pulse shaping circuit forms these pulses. Figure 1(ec) is the
schematic diagrem of the pulse shaper which consists of two symmetrical
signal channels that trigger an Eccles-Jordon £lip-flop mmltivibrator,
tube T4, Tubes T2A and T2B are base clippers and smplifiers. A vari-
able cathode blas, common to both tubes, determines the clipping‘*level
such that the lower level signals consisting of hum, noise, etc. can be
blocked whereas the useful signal 1s amplified. Diodes T3A and T3B
couple the clipper-amplifier tubes to the multivibrator tubes in such a
menner that only the negative part of a signal eppears at the multi-
vibrator grids. At a given time one triode only mey conduet in the
Eceles-Jordon multivibrator circult but two confitions of stebility
exist with one or the other triode active. After it has been set prop-
erly with the right triode in figure 1{c) conducting by a momentary clos-
ing of the reset switch, a negative signsl from the "start" chammel of
the pulse shaper will trigger the multivibrator into the other stable con-
dition and & negative signel from the "stop" channel willl trigger it
back to the original stable condition. Although the reslstance capsacil-
tance input ecircuit of the Potter timer mey alter the step waves of
voltage thus generated in the plate circuits of the multivibrator, the
requisite 50 volt per microsecond rise time of the wave front for which
the multivibrators were designed will not be changed. Triodes TIA and
T1B are cathode followers which isolate the clipper-amplifier tubes
from the preceding high impedence amplifiers of the flame detectors.

The circuit disgram iz shown in figure 1(b) for one of the Hwo
similar flame detectors which drive the dual channel shaper with "start®
and "stop" signals. The phototube and its amplifiers are housed together
in a metal box with careful shielding of components to minimize pick-up
voltages and provide & relatively large signal to transmit to the pulse
shaper. The outputs of the fleme detectors are connected to the pulse
shaper inputs with shielded cables which also carry power to the
detectors from the power supply on the pulse shaper chagsis. A slotted
bakelite block mounted on one side of the detector box provides an
aperture for limiting the portion of the combustion tube .viewed by the
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phototube to a very narrow section immediately in front. Use of direct
coupling between the phototube and first amplifier and a very high photo-
tube load-impedance results in maximum sensitivity. Low plate voltage
on the Tirst amplifier minimizes grid current. To reduce hum direct-
current fllament voltage 1s used on the amplifier tubes in the flame
detector vnit.

Bias for the multivibrator T4 in the pulse shaper is correct when
one plate 1s negative about 25 volts with respect to ground and the
other is near ground potential. The bias control (clipping level
adjustment) for T2A end T2B then can be adjusted to eliminate noise or
hum at the plates of T2A and T2B. Incorrect adjustment 1ls apparent
either as over-all low sensitivity or erratic timer operation with no
light slgnals. This control adjustment is not critical. An approximate
evaluation of the sensitivity can be formed from the fact that a
1/4—inch-diameter alcohol flame moved past the phototube at 3-inch dis-
tance is the minimum light input for operation of the system. Because
of the direct coupling between the phototube and first emplifier, the
system must be used in a dark room.

2267
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APPENDIX B

SYMBOLS

The following symbols are used in this report:

flame front area, s8q cm
cross-sectional area of flame tube, sq cm

recombination factor for hydrogen atoms

term arising from recombingtion of the ith active particles

diffusion coefficient

rate of diffusion of the itR active particle, sq cm/sec

diffusion coefficients for hydrogen atoms into air at room tem-
perature, sq cm/sec

diffuslion coefficient for oxygen atoms into air at room tempera-
ture, sq cm/sec

diffusion coefficient for hydroxyl radicels into air at room
temperature, sq cm/sec :

one half the Boltzmann's counstant times temperature

average specific rate constant for reaction of active particles
and hydrocarbon molecules, cc molecules-1 sec-1

specific rate constent for reaction of combustible and the 1th
active particle, cc molecules-l sec-1

number of molecules of gas at reaction temperature, molecules/cc
molecular masses
molecular densities

nunber of molecules of final combustion products {combined COo
and HpO) per molecule of fuel '

. partial pressure of hydrogen atoms, atm

partial pressure of the 1th aetive particle, atm
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Pqg partial pressure of axygen atoms, atm

Pom partial pressure of hydroxyl radicals, atm

Q mole fraction of potential cambustion product

Q' mole fractlon of combustible

q02 0.5 of the factor initial mole fraction of oxygen minus final
mole fraction of oxygen

Up fundemental flame veloclty, defined as veloclty component normal
to any tangent to fleme surface, cm/sec

Ug gas velocity, cm/sec

Up intercept of curve; 5.8 cm/sec for pentane, 15.1 cm/sec for
ethylene, and 16.5 cm/sec for propyne

Uos spatial flame velocity, cm/sec

6 0.7 of equilibrium temperature over initiml temperature

o arithmetic average of molecular diameters of diffusing gases
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TABLE I - SOURCE AND PURITY OF HYDROCARBOKS

HEydrocarbon Source Purity
(percent)
Ethylene Ohio Chemical and 99 -~
Mfg. Co.
Propyne National Buresu of a8 -
Standards
Pentane (1) 99.3

lPrepared jointly by NACA snd National
Bureau of Standsrds.
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TABLE IT - FLAME VELOCITIES
NACA,
Hydrocarbon |Percent Spetial Spatial Flame Relative Adjusted
stoichio- | flame flame front fundamental | fundamental
metric velocity |velocity | area flame flame
Uy minue ges Ap veloeity velocity
(cm/sec) |Velocity |(gq om) Up Ug
Up-Ug (em/sec) (cm/sec)
(cm/sec)
Ethylene 59 44.5 44.5 10.20 21.4 23.0
65 66.7 61.5 10.55 28.6 30.8
76 103.5 89.6 10.90 40.4 43.5
85 131.9 111.3 11.24 48,1 52.8
‘83 153.3 127.6 11.48 54.6 58.8
g4 153.8 128.0 11.50 54.6 58.8
101 174.6 143.9 11.68 60.5 65.1
109 183.3 150.6 11.80 62.7 67.5
117 185.1 151.9 11.84 63.0 67.8
126 175.4 144.5 11.60 61.2 65.9
137 160.6 133.2 11.27 58.1 62.5
146 127.6 | eeemm L aeeea —_— ————
157 87.6 ——mm ] m———- —_——— ————
168 59.5 | ~--ne | ammem —~——— ————
178 47.4 | cemme | cmmem —_—— ————
189 3.4 | mmmem | ammam ———— ————
202 33.8 | cmmem | cmmaa ——— ————
224 26.9 | —cmee ] meeaa —— ————
234 25.4 | ~mean | memma ——— ———
Pentane 67 32.1 32.1 10.55 14.9 16.0
82 61.5 56.5 11.14 24.9 26.8
96 85.0 75.4 11.55 32.0 34.4
110 94.8 82.9 11.80 34.5 37.1
122 89.8 79.1 11.79 32.9 35.4
137 66.6 6l.4 11.38 26.5 28.5
. 159 AT .4 ——mm | mm—— _——— ———
178 32.8 S —— —
204 24.5 ———— | eee—— ———— ————
Propyne 59 45.0 44.9 10.20 21.6 23.2
68 79.7 71.4 10.64 32.9 35.4
80 117.1 100.0 11..06 44.4 47.8
89 146.5 122.4 11.37 52.9 56.9
100 164.6 136.2 11.65 57.4 61.8
110 182.0 148.5 11.80 62.2 66.9
119 182.9 150.3 11.79 62.6 67.4
132 165.0 136.5 11.45 58.5 63.0
145 141.9 | e--=e | mmmm- ———— -—--
151 119.7 | ===== | =m=e- ——— ———-
164 B2.1% | ===~ | meme- ——— ———
177 53.3 | =m=e= [ mmmm- -—-- ----
188 38.3 | =mmeem femmee ———- ———-
201 35.8 | =m=ee | mmm=- ——— -——-
214 30.7 | mmemm= ) em——— ————— ———-
247 22.6 | mecmm | mmme- ——— ———-
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TABIE ITT - FREE ATOM AND RADICAL CON

23

ONS, AND EQUILIBRIUM FLAME TEMPERATURES

Hydrocarbon | Eydrocerbon |Hydrocarbon | Equilibrium | EQquilibrium Equilibrium jEquilibrium
by volume in eir, flame tem- | hydrogen atom | oxygen atom [hydroxyl
in air percent perature concentration | concentra- (radicel
{percent) |stoichio- °K Py tion concentration
metric (etm) (etm) Py Por
(atm) (atm}
Pentane 1.40 54 1591 0.0000%10-3 | 0.004X10"3 | o0.098%10-3
1.50 58 16870 0003 .0122 199
2.00 77 2013 0236 «166 1.324
2.60 101 2278 523 «333 2.73
2,67 107 2284 «631 <264 2.46
2.78 108 2277 « 760 <1583 1.91
3.00 117 22286 819 <0431 .955
3.17 124 2173 746 0144 .52
3.26 128 2148 698 .0088 .40
3.43 135 2091 577 .0029 21
Ethylene 5 44 1472 <0.0010X10™> | 0.0011x10-3| 0.0323x10"3
4 59 1796 »0013 0369 «3931
S 75 2088 045 .2995 1.795
6 91 2303 »A11 759 3.805
7 107 2391 1.271 «561 3.704
8 124 2347 1.708 .128 1.732
9 140 2246 1,444 .0189 «5957
10 158 2140 1.007 0027 1047
1z 194 1932 349 <,.0010 <0177
15 251 .1638 0362 <,0010 .0002
Propyne 2 39 1400 0.0000%10-3 0.0004)(10":5 0.0133X10-3
3 52 1860 .0026 0668 501
4 79 2235 1618 + 715 2.85
5 100 2439 1.151 1.267 4.90
6 121 2468 2.398 «555 3.455
7 143 2388 2,578 0977 L1.347
8 165 2255 1.823 .0096 «3499
g 188 2131 1.123 .001 .0872
10 211 2053 .790 0002 .0299
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TABLE IV - FLAME VELOCITIES PREDICTED BY EQUATION (6)

Hydrocarbon Hydrocarbon Flame velocity
concentration
in air, Calculated | Experimental
percent stoi- | (cm/sec) (cm/sec)
chionetriec
Pentane 67 16.6 18.0
kg ,~1.54X10"13 82 25.6 26.8
g6 33.0 34.4
110 36.6 37.1
122 35.2 35.4
Ethylene 59 26.3 23.0
Kpy=2.47X10~15 67 31.2 30.8
76 40.7 43.5
85 48.9 52.8
94 57.1 58.8
101 62.0 65.1
109 67.1 67.5
117 69.0 67.8
126 68.5 85.9
Propyne 59 26.7 23.2
kg =1.7%10"13 69 34.8 35.4
80 43.9 47.8
89 52.2 56.9
100 59.0 61.8
110 64.8 66.9
117 67.5 67.3
132 69.3 67.0
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Figure 2. - Change in spatlial flame velocity with
mixture concentration.
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Mgure 3. - Flams shs.pes for some propyne-elr mixtures.
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Flgure 4. ~ Typical fleme front trace.
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Figure 5. - Change in surface area with composition.
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Figure 9. - Continued. Calculated active particle concentrations.
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